Resid to propylene: the two-step approach

For maximum propylene from the FCC unit, refiners should customise their catalyst for
properties best suited to deep conversion that can handle residue feeds

MELISSA CLOUGH MASTRY, HERNANDO SALGADO, BAHA EREN and WEI SHEUN GAN

BASF

he fluid catalytic cracker
T (FCC) remains one of the most

important conversion units
within a refinery for the generation
of transportation fuels (i.e. gasoline
and diesel precursors).! However,
in certain markets, especially where
integration between refineries and
petrochemical plants is high, there is
great incentive to maximise propyl-
ene over other products, including
gasoline. In these regions, mainly in
Asia and the Middle East, the finan-
cial incentive of propylene over gas-
oline and other liquid products is
clear and is driving many of the new
project builds. Furthermore, new
hardware technologies are advanc-
ing, including new unit designs. For
these reasons, catalyst technologies
must also contribute to advance-
ments in this field.

Catalyst technologies and per-
formance are monitored on a
weekly basis from most refin-
eries in the world. The perfor-
mance can be compiled over many
years to demonstrate trends in
FCC.?> Historical equilibrium cat-
alyst (Ecat) yields demonstrate an
upward global trend in propylene,
particularly in the Asia, EMEA, and
Latin American regions (see Figure
1). This trend supports further utili-
sation of the FCC that will produce
propylene from resid reliant regions
and how important it is to design an
optimal catalyst.

The FCC utilises a fluidised solid
catalyst to crack oils into valuable
products. The main contributor of
catalyst activity is the zeolite Y, an
important ingredient in all FCC
catalysts. The zeolite Y is critical
for generating a mix of products,
including LPG olefins, naphtha (a
gasoline precursor), and light cycle
oil (a diesel precursor). Most FCC
catalyst manufacturers employ ultra-
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Figure 1 Historical Ecat propylene yield trend; EMEA: Europe, Middle East, and Africa;

NA: North America; LA: Latin America

stable zeolite Y, or USY, an outcome
of careful calcination in the manufac-
turing process.?

A second and important zeolite
in the maximum propylene FCC
is ZSM-5. ZSM-5 is a very shape
selective zeolite, capable of cracking
near-linear naphtha range olefins.*
For this reason, ZSM-5 is very selec-
tive and cracks mainly C.-C; lin-
ear or near-linear olefins. Without
these temporary precursors in the
FCC reaction, the ZSM-5 would
contribute nothing to the FCC pro-
cess. Therefore, the balance of high
activity USY zeolite and ZSM-5 zeo-
lite is critical. For example, with too
much ZSM-5 in the FCC system,
one might dilute the USY, penalis-
ing catalyst activity to an extent that
there no longer remain C,-C, linear
or near-linear olefins for the ZSM-5
to crack.

Furthermore, for resid FCC appli-
cations there are additional chal-
lenges. For instance, resid feeds
bring contaminant metals that can
disrupt the FCC process, either cat-

alytically or through the generation
of unwanted byproducts. The most
critical contaminants that come in
with resid feeds include vanadium
(V), nickel (Ni), sodium (Na), and
iron (Fe).

Vanadium is well known to
destroy USY within an FCC catalyst,
attacking the Si-O bonds and result-
ing in zeolite collapse. Ultimately,
this leads to a loss in catalyst activity
and thus will result in lower conver-
sion, with all things constant.® Lower
conversion means lower naphtha,
lower feed for the ZSM-5 zeolite, and
ultimately lower propylene. Nickel,
on the other hand, operates with a
very different mechanism.

Instead of destroying catalyst
activity, nickel promotes dehydro-
genation side reactions. Nickel is a
very strong dehydrogenation agent,
and thus will result in the generation
of H, and coke, two byproducts that
are unwanted in resid applications.
Higher H, means higher loading on
the wet gas compressor, which can
often be a constraint for FCC units.
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Higher coke generation means lower
generation of other valuable prod-
ucts, including naphtha and LPG.

Sodium is a very detrimental con-
taminant and much like other alkali
and alkaline earth metals will work
to neutralise the acid sites on USY
with the positive charge. This imme-
diately and irreversibly results in a
loss in catalyst activity, with results
similar to those of V poisoning.
However, it takes very little Na con-
tamination to see an effect on activ-
ity, so keeping Na out of the FCC
unit is critical.

The last contaminant on the list
is iron. Iron deposition occurs on
the outside surface of the catalyst
and in some cases can lead to pore
blockage, acting as a physical barrier
between feed and the important USY
cracking sites.® This too will lead to a
loss in conversion on the FCC unit,
resulting in lower naphtha and ulti-
mately lower propylene.

In most cases, the deposition of
contaminant metals occurs on the
active catalyst itself (containing
USY), and not on the ZSM-5 mate-
rial. For this reason, the focus of con-
taminant metals technology should
be on the base catalyst.

As a result of the very well under-
stood mechanisms of USY cracking,
ZSM-5 cracking, and metal contami-
nation pathways, the science behind
maximising propylene from an FCC
unit, when confronted methodi-
cally, can identify an optimum solu-
tion for each maximum propylene
unit. Since every FCC unit is differ-
ent in terms of feed, contaminant
metals, downstream processing
constraints and product values, the
answer to each maximum propyl-
ene resid unit will be unique, deliv-
ering in some cases up to $2.5/bbl
or more in comparison with no opti-
mised units.

1 Paraffins - Paraffins + Olefins

s> Olefins + Olefins

m) Olefins + Olefins

2 Olefins

3 Naphthenes

4 Aromatics s> Aromatic core + Olefins
Aromatic cores

condensation
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Figure 2 Main cracking reactions on
Y-zeolite

The following sections are ded-
icated to explanation of the crack-
ing mechanisms from resid feed to
propylene product, the main con-
taminants and their effects in the
USY catalyst system, the catalytic
solutions to mitigate contaminants,
and strategies to maximise propyl-
ene by ZSM-5 cracking. Thereafter,
case studies are offered to demon-
strate a two-step approach for pro-
pylene maximisation. These cases
will further highlight the fact that,
for each refinery, there exists a dif-
ferent solution for propylene maxi-
misation, which highlights the need
for a highly customised approach at
every refinery.

Catalytic cracking mechanisms

First step: primary cracking using
Y-zeolite

Catalytic cracking on USY zeolite is a
complex process with multiple reac-
tions occurring on the zeolitic acid
sites, under the well accepted mech-
anism of carbenium and carbonium
ion formation plus [-scission, lead-
ing to smaller molecules compared
to molecules in the feed. A simplis-
tic approximation of these primary
reactions is shown in Figure 2.

Other secondary reactions such
as hydrogen transfer and isomeri-
sation also take place, affecting the
quality of the products in terms of
paraffins, olefins, and aromatics

content. Since the catalytic cracking
process was originally developed to
convert VGO into gasoline through
reactions 1, 2, and 3, most ole-
fins are in the range 6 to 12 carbon
atoms. Reaction 4 yields aromatic
compounds containing two, three,
or more rings in addition to small
olefins and coke. Although PB-scis-
sion can yield LPG molecules by
itself, including propylene, due to
the unit cell size of the Y-zeolite and
contact time, most products from
reactions 1, 2, and 3 are within the
range of gasoline.

In this first step, the matrix also
plays an important role, providing
cracking of the biggest feed mole-
cules and accessibility to the acid
sites of the zeolite to maximise bot-
toms cracking and naphtha yield.
Matrix, in addition to other impor-
tant parameters such as metals pas-
sivation, imparts important physical
characteristics to the catalyst archi-
tecture by defining the pore net-
work connectivity.

Second step: secondary cracking of
naphtha to smaller molecules
The lighter range gasoline mole-
cules, from 6 to 9 carbons, coming
from cracking on Y-zeolite or matrix
can further crack in a secondary set
of reactions to be converted into
smaller molecules, including pro-
pylene. However, a different active
zeolite with smaller pore openings
is required: the ZSM-5 zeolite. An
added advantage of the secondary
reactions comes from the fact that
linear olefins are more reactive,
leaving highly branched olefins and
paraffins in the gasoline fraction,
thus improving its octane number.
The two steps are shown in Figure
3. After introducing the two-step
approach, with propylene being
produced in both steps, it is clear
that more light naphtha produced

in the first step (feed cracking over
Step 1 Step 2 Y-zeolite) leads to higher potential
for more propylene in the second
Fuel das step (naphtha cracking over ZSM-
u
E LPe Cand C, 5). Therefore, one of the key factors
. Olefins . .. .
Feed RE-Y Gasoline - Gazolina is how to maximise naphtha in the
zeolite e Octane first step, which is more challeng-
Coke ing when the feed contains residue
ZSM-5 zeolite streams such as demetalised oil,
atmospheric residue, or vacuum

Figure 3 The two-step approach to produce light olefins in an FCC residue.
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Challenges of cracking residue feeds
The main challenges to cracking
residual feeds are their high con-
tent of carbon residue (measured as
Conradson carbon or Concarbon,
Micro Carbon or Ramsbottom
Carbon), and Ni, V, Na and Fe.

The heat balance in an FCC unit is
highly sensitive to the concentration
of carbon residue or asphaltenes in
the feed. Although the catalyst can
help to minimise coke selectivity in
several ways, most of the heat bal-
ance effects need to be addressed
from the hardware point of view
through solutions including mini-
mising coke formation during feed
injection (feed nozzle design), min-
imising thermal cracking (riser ter-
mination design), improving the
stripping of heavy hydrocarbons
in the circulating catalyst (stripper
design), or removing heat from the
regenerator through flexible catalyst
coolers.

On the other hand, catalyst tech-
nology plays a major role in dealing
with metallic contaminants. This
will be addressed in the following
sections.

Controlling the effects of nickel
Metals are present in the heaviest
feed molecules, especially in asphal-
tene molecules or porphyrins. Ni is a
hydrogenation catalyst widely used
for hydrotreating applications, how-
ever under typical FCC conditions
(low pressures and high tempera-
tures) it behaves as a dehydrogena-
tion agent, promoting hydrogen and
coke formation (see Figure 4).”

Ni deposits on the outer region of
the catalyst surface, generally on the
matrix. Ni is immobile once depos-
ited and becomes deactivated over
time. However, the presence of chlo-
rides in the FCC environment can
promote its reactivation.

Conventional Ni-trapping tech-
nologies are based on the use of spe-
cialty aluminas. The effectiveness of
these technologies will depend on
the alumina used and its dispersion
characteristics, among other fac-
tors. A novel approach called Boron
Based Technology (BBT) can also be
employed. With BBT, a higher por-
tion of contaminant Ni is kept in an
electron-deficient state, inhibiting
its reduction to a more detrimental
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Figure 4 Hydrogen and coke-making reactions promoted by nickel

electron-rich state under FCC condi-
tions, essentially providing a higher
passivation efficiency and lowering
unwanted dehydrogenation activity.
In addition, boron does not induce
NOx emissions as antimony injection
(another common Ni-passivation
strategy) does.

Controlling the effects of vanadium
Vanadium is also present in asphal-
tene molecules or porphyrins but,
unlike Ni, it is mobile under typi-
cal FCC conditions and can migrate
to the active sites on the zeolite (see
Figure 5). Although it is also a mild
dehydrogenation agent (with activity
about 25% that of Ni), its major effect
is on zeolite activity. In combination
with Na and steam at high temper-
atures, V forms acidic compounds
(sodium vanadates) that destroy
the zeolite framework, decreasing
catalyst activity. Therefore, sodium
needs to be avoided when process-
ing residue feeds which are highly
contaminated ~ with  vanadium.
Furthermore, a less active catalyst
will lead to more thermal cracking

over catalytic cracking, promoting
coke making reactions.

To combat the effect of vanadium,
effort should be focused on keeping
Na out of the FCC. This can be done
through efficient desalting opera-
tions, also the amount of sodium in
the fresh catalyst should be mini-
mised. For example, depending on
the catalyst manufacturing tech-
nique, fresh sodium content can be
as low as 0.15 wt%, or as high as
0.35 wt%. In addition, vanadium
passivation technologies can be
employed. Technologies are availa-
ble which react with V and render it
immobile and inactive through var-
ious chemical reactions. One aspect
of vanadium passivation technol-
ogy is its sulphur tolerance; thus
employing a vanadium passivation
technology that is tolerant to sul-
phur such as the novel Valor tech-
nology will give the best protection
against contaminant vanadium.

Understanding the role of iron
Like Na, Fe can be present in fresh
FCC catalyst since it is present in raw

Figure 5 Comparison of mobile vanadium (left) and immobile nickel (right) on

equilibrium catalyst
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materials. Fresh catalyst can contain
0.25-0.75 wt% Fe. However, unlike
Na, Fe already present in fresh cata-
lyst is inactive and does not impact
catalyst performance. Only added Fe
from feed can affect FCC operation.
The effect of added Fe on the catalyst
surface can be observed in Figure 6.

Added Fe is calculated as the
difference between Fe in the fresh
catalyst and Fe in the equilibrium
catalyst, according to the following
equation:

F F F

e(Added) = e(Ecat) - e(Fr'esh]

Added Fe deposits on the cata-
lyst surface can result in lower sur-
face area, therefore low conversion
is sometimes seen under these cir-
cumstances with catalyst that has
unoptimised surface porosity. With
an engineered high surface porosity
catalyst, the threshold for added Fe
is much higher. A matrix with high
porosity and engineered pore archi-
tecture is ideal to deal with added
Fe to prevent pore blockage due
to the different forms of Fe depo-
sition. Other effects of Fe include:
1) changes in average bulk density
(ABD), which can affect fluidisation
and circulation; 2) mild dehydro-
genation, leading to higher hydro-
gen and coke; and 3) increased
SOx emissions, acting as an inverse
SOx additive.

The full pathway from resid to
propylene: the two-step approach
Summarising the proposed approach
(see Figure 7) to convert residue feeds
to propylene, from the catalytic point
of view the first step is tolerance to
metal contaminants, especially met-
als including Ni, V, Na, and Fe. Coke

Figure 6 Ecat particle with 0.68 wt%
added iron

selectivity characteristics are also
important to minimise coke yields
and therefore minimise heat balance
effects.

In addition to metals tolerance and
coke selectivity, bottoms conversion
to gasoline (the propylene precursor
in the second step) and rare earth
balance to moderate hydrogen trans-
fer reactions are also important cata-
lytic characteristics to be considered.

In the second step, besides the
catalytic properties of the ZSM-5
including high activity and stabil-
ity, it is also important to consider
mechanical properties such as resist-
ance to attrition to keep the ZSM-5
material in the unit. Furthermore,
reaction severity needs to be care-
fully defined since too high severity
might increase thermal cracking and
therefore over-cracking of naphtha
to dry gas.

Case studies

Because the answer to each resid
FCC unit's maximum propylene
approach is different, case studies are
provided to demonstrate the multi-
tude of challenges and approaches.

B3 scission Hydrogen transfer
FCC feed —m ———p G+ Cp Qleﬁns Cs-C,, Paraffins
(gasoline)
Catalyst \ / Additive ZeoliteY
CG=and(C,=
Step 1 FCC Catalyst: Primary reactions Step 2 ZSM-5 Additive:

Resistant to Ni, V, Fe
(among others)

Low in Na

e NoCl

Low to moderate REO to
temper H-transfer reactions

Delta coke advantage and high
conversion to gasoline precursors

Secondary reactions
o High activity
o High stability
o High unit retention
e Reaction severity

Figure 7 Main considerations in the two-step approach to maximising light olefins
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Case 1:resid FCC struggling with
delta coke

A refinery in the Asia Pacific region
was struggling with delta coke and
was looking to further maximise
propylene from the FCC unit. This
refinery historically runs feeds with
a CCR content of up to 45 wt%.
The FCC unit used external ZSM-5
and processed resid feeds that con-
tributed to the refinery’s challenges
by introducing contaminant metals
and high Concarbon content. To aid
decision-making, this refinery net-
work underwent an extensive cata-
lyst selection process that included
catalyst testing in a pilot plant. The
pilot plant and modelling results
suggested that a change in the base
catalyst could provide the benefits
described above. For the best ‘apples
to apples’ comparison, the trial plan
included maintaining the same exter-
nal ZSM-5 additions to focus on
changing the base catalyst itself. To
minimise risk in switching from a
non-BASF catalyst to the BASF resid
catalyst technology, an extensive trial
plan was jointly prepared between
the refinery, the central corporate
group, and BASF. The trial plan
included multiple mitigation steps,
a common practice for BASF to help
refiners minimise risk when opting
for higher profit yielding solutions.
The trial went as planned, with delta
coke benefits being a step-out per-
formance indicator, leading to high
propylene selectivity (see Figure 8).
The BASF resid technology focused
on mitigating the contaminant met-
als effects (Ni, V, Na, Fe) while
delivering high catalyst activity.
As a result, the refinery saw higher
product yields at constant ZSM-5
additions. The analysis done for this
catalyst change resulted in an annual
economic benefit of approximately
$5.5 million for the refinery, driven
through coke selectivity.

Case 2:resid FCC defines turnaround
objectives to increase CCR capacity
This refinery’s objective was to pro-
cess more and heavier resid feeds
while maintaining propylene. The
FCC, prior to the turnaround, was
processing feed CCR of around 4
wt%. After the turnaround, the refin-
ery introduced new resid streams
into the FCC, with caution. Knowing
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Figure 8 Post audit results of a catalyst trial leading to lower delta coke and higher propylene selectivity

that the resid streams contained
higher amounts of metals (includ-
ing Ca, Fe, Ni, Na), the streams also
contained higher basic nitrogen,
which deactivates FCC catalysts in
a reversible way. The resid streams
also introduced new chemistry into
the FCC unit by delivering higher
aromatics. Despite this, the refinery
continued to push resid into the FCC
unit while maintaining the maxi-
mum feed rate target.

Ultimately, the refinery reached
a new record for feed CCR process-
ing, with values nearing 7 wt%. At
the same time, the catalyst pre- and
post-turnaround was kept con-
sistent. The BoroCat catalyst was
designed to withstand big swings in
feed metals and to maintain activ-
ity despite the introduction of del-
eterious poisons. Because of this,

9. Despite the heavier feed with
higher CCR and metals, the cata-
lyst addition rate per unit of feed
was maintained before and after the
turnaround.

This turnaround, and the intro-
duction of new and heavier feeds,
has changed the way the refinery
operates and has defined new oper-
ating limits around feed CCR and
what is possible with LPG genera-
tion from the FCC. With the change
in operating window and the new
limits that the refinery reached after
the turnaround, in combination
with a flexible catalyst, this resulted
in improved profitability for the
refinery.

Post- vs pre-turnaround conditions

Case 3:resid FCC looking to
optimise catalyst solution

This refinery’s main objective was to
maximise propylene while processing
heavier resid feeds. The FCC utilises
BASF’s MPS catalyst, which has high
activity and high selectivity towards
propylene. A combination of in situ
manufacturing technology and the
use of Valor vanadium passivation
technology allowed the use of a lower
rare earth catalyst to boost propylene
selectivity. The FCC was processing
feed CCR of around 2.8 wt%, which
increased to 4 wt% during the trial.
At the same time, the feed got much
heavier and API decreased from 24.0
to 21.4. Feed vanadium more than
doubled from 2.5 ppm to 54 ppm.
Despite the heavier feed with higher
CCR and metals, the catalyst addition
rate per unit of feed was maintained.

catalyst activity before and after the Change, % The unit was able to achieve record
turnaround was maintained, allow-  feedrate t/d 09 high conversion levels consistently
. . . . Feed basic N 11.6 R .
ing for the formation of sufficient Feed Ca 29.7 and achieved a propylene yield of
gasoline olefin precursors for ZSM- Feed density (15°C) 0.6 over 9.5 wt%, which was an increase
5. The amount of ZSM-5 before and Feed di-aromatics 7:5 of more than 1.8 wt% over the incum-
after the turnaround did increase EE:SIF\E fz'; bent. The unit also observed a sig-
from 4.5% to 5.2%, but the response Feed Na 437 nificant increase in C, olefins (+1.35
in propylene was phenomenal. The €O, vol% 1.4 wt%), which enabled higher alkylate
refinery reached a maximum pro- ROT, °C 0.0 production downstream of the FCC.
pylene processing limit of around 7 ~ Regenbed.°C 01 These results are demonstrated in
L. K Cat cooler duty, MW -17.1 .
wt% due to a hydraulic limit design Table 2 and Figure 10. No external
for propylene recovery. These results ZSM-5 was added before or during
are shown in Table 1 and Figure Table 1 the trial.
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Figure 10 Propylene and butylenes selectivity before and after switching to MPS catalyst solution

Conclusions

Refiners who seek to reap the finan-
cial incentives of maximising their
propylene yields from resid feeds
are primarily located in Asia and the
Middle East. These emerging mar-
kets and developing regions have
created an environment for a high
demand for propylene, where many
of the refineries and petrochemical
plants are integrated. While most
propylene demand will be met by
steam cracking, a significant portion
of propylene demand can be fulfilled
through optimising the FCC.

Several challenges exist for the
FCC to produce the optimal yield
slate needed by the refinery. A few
of those challenges include: oper-
ating within primary constraints,
optimal catalytic properties for deep
conversion, and finally cracking res-
idue feeds. Refiners should seek to
increase their severity, activity, and
cat-to-oil ratio for optimal propylene
production. However, operational
improvements are limited to a nar-
row window of optimisation, often
limited to downstream capabilities.
Ultimately, refiners should resort to
customising their catalyst solution
for properties that are suited to deep
conversion and are capable of han-
dling residual feeds.

BASF catalyst solutions for achiev-
ing maximum propylene yields have
several characteristics which aid in
the two-step process in accomplish-
ing the optimum yield pattern and
hence economic optimisation of
FCC units.

The catalyst must be metals toler-
ant in order to prevent activity and
conversion loss due to the increased
vanadium, iron, and sodium found
in residual feeds. Maintaining and
improving coke selectivity allows
for more flexibility in the heat bal-
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Increased conversion levels from
heavier feed

Start vs end of trial Change
Feed rate, t/d Base
Catalyst additions, t/d Base
Feed API -2.6
Feed CCR +1.2 wt%
Feed Ni Base
FeedV +2.9 ppm
C= +1.8 Wt%
C= +1.35 wt%
LPG+gasoline +3.4 wt%

Table 2

ance around the unit and minimises
impacts from feed effects. Protecting
against dehydrogenation effects from
nickel will give the flexibility needed
in the downstream wet gas compres-
sor and will give a more profitable
yield structure.

Increasing  bottoms  conversion
is necessary to produce more light
naphtha which is the precursor for
propylene. Improving bottoms con-
version relies on optimal hydrogen
transfer characteristics and zeolite
acidity ~ topology.  Additionally,
ZSM-5 must be attrition resistant
and offer high activity in order to be
effective in cracking.

In each of the cases cited, BASF
proposed tailored resid catalyst solu-
tions to minimise operational risk
when processing residue feeds to
maximise unit profitability. In each
case, the solution for maximum pro-
pylene was different. In one, delta
coke was the key. In the second, a
flexible catalyst that could handle
increases in metals and high CCR
was needed. In the third, a complete
catalyst solution was needed to over-
haul the operation. Through under-
standing the two-step solution in
resid processing, BASF successfully
increased propylene yields in sev-
eral resid environments that pose a

variety of unique challenges and has
shown improved annual profitability
in one example of over $5 million.
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